Here, we establish a novel economic system to quantify C. elegans mechanosensory behavior 21 and memory by a controllable nanoscale mechanical stimulation. Using piezoelectric sheet 22 speaker, we can flexibly change the vibration properties at a nanoscale displacement level and 23 quantify behavioral responses and memory under the control of each vibration property. This 24 system will facilitate understanding of physiological aspects of C. elegans mechanosensory 25 behavior and memory.
Introduction

30
Mechanical forces such as touch, vibration and gravity make vital influences on development 31 and homeostasis of living organisms 1,2 . Animals cope with these stimuli by modifying behavior 32 and thereby achieve physical interactions with environment 3 . The mechanism underlying 33 mechanosensory behavior has been studied at various model organisms from bacteria and 34 archaea to mammals 4,5 . However, physiological aspects of those behaviors, such as force and 35 duration enough to sense, are not well understood.
36
Mechanosensory behavior in C. elegans is a traditional paradigm in which to examine 37 mechanism underlying a response to mechanical forces 6-8 . Worms usually respond to 38 nonlocalized vibrations such as the tapping of a cultivated Petri plate with a reversal escape 39 response 7 . In addition, after spaced training for repeated mechanical tap stimulation, worms can 40 habituate to the stimulus and exhibit a decrease in the magnitude of the withdrawal escape 41 response. Therefore, worms can alter behavior based on their past experience 9 . Because the 42 neural circuit underlying this behavior was completely determined, we can easily investigate 43 neural and molecular mechanisms using C. elegans cell-specific genetic methods 9,10 . In general, 44 the choice of technique to impose mechanical stimulation and to readout behavioral output is 45 critical for understanding physiology of animal behavior. In C. elegans, mechanical stimulation 46 has been provided by tapping only a single plate using a solenoid tapper 11 or a ROBO cylinder 10 47 or by the manual box-drop method 9 , in which a plastic box containing multiple Petri plates is 48 manually dropped onto a hard surface from a constant height. However, in these methods, it has 49 been difficult to precisely change the vibration properties such as frequency, amplitude and 50 duration.
51
At a cellular level experiment, several mechanical stimulation methods have been 52 established for the study of mechanotransduction 12 . These methods include mechano-clamp 53 using piezo-driven system 13,14 , surface elongation of a flexible silicone elastomer 15, 16 , and force 54 4 application by magnetic particles [17] [18] [19] . In addition to these spatially confined methods, Nikukar 55 et al. have recently reported an interesting method, "nanokicking", using piezo actuator and 56 demonstrated to evoke nanoscale nonlocalized vibration with high frequency (up to 1 kHz) 57 across the entire surface of the Petri plates 20,21 . However, in this strategy, it was not 58 demonstrated to evoke the frequency above 1 kHz. Furthermore, this method has not been 59 applied to a living animal level experiment, particularly to it's behavioral experiments.
60
In this study, we designed an economic nonlocalized vibration device using piezoelectric 61 sheet speaker. This device allows for elaborately changing the vibration parameters and setting 62 these parameters in a desired temporal pattern. Using this device, we clearly quantified reversal 63 responses and memory of worms for nonlocalized vibration. Thus, our new device will facilitate 64 understanding of physiological aspects C. elegans mechanosensory behavior by titrating 65 vibration properties in the future.
66
We previously established the tap stimulation system using the cylinder and actuator, 67 because this method was successfully applied to the quantification of tap habituation behavior in 68 other groups 10,11 . In this system, amplitude of the nonlocalized vibration could be roughly 69 changed, whereas its frequency and duration could not. Therefore, instead of the previous 70 system, we used a piezoelectric speaker to evoke nonlocalized vibration on an agar surface of an 71 NGM plate ( Fig. 1 and 2A ). The NGM plate on which worms were cultivated ( Fig. 1A Step 1) 72 was placed on a circular-shaped actuator of a piezoelectric speaker ( Fig. 1A Step 2, and Fig. 
73
2B-D). The actuator was connected to an amplifier ( Fig. 2E ). This device was also connected to 74 an earphone jack of a desktop computer through an earphone splitter. The earphone splitter 75 enables us to evoke nonlocalized vibration to multiple NGM plates at the same time. 
89
We used laser interferometry to quantify mechanical stimuli evoked by our piezoelectric 90 speaker system. We played 440 Hz sound (the standard tuning frequency) on a piezoelectric 91 speaker and validated the vibration on the center of an agar surface in a Petri plate ( Fig. 3A ).
92
Expectedly, as shown in Fig. Fig 3B, we succeeded in detecting 440 Hz frequency. Therefore, 93 we have changed the vibration frequency on the center of agar surfaces using WaveGene ( Fig.   94 3C). All the vibration frequencies determined by WaveGene (minimum frequency, 250 Hz) were 95 clearly detected by the vibrometer. In addition, 80 Hz vibration was correctly detected by the 96 accelerometer. These results indicate that our piezoelectric speaker system allows for evoking 97 vibration with accurate frequency on the center of agar surface.
98
We have changed amplitude of vibration by volume control of computer. As shown in Fig. 
99
3D, the amplitude quantified by vibrometer on an agar surface linearly increased as the sound 100 volume level increased, and reached a plateau at 80% of the computer sound level. Importantly, 101 we could detect 1 kHz vibrations with 10% and 20% of the computer sound level as the 102 nanometer scale displacements. Therefore, we next changed the sound level in the range of 0 to 103 30% by 2% and quantified the displacement in each sound level ( Fig. 3E ). We could detect the 104 6 30.4 nm displacement in 2% of the sound level, and the displacement increased within a 105 nanometer range as the sound volume level became higher. These results reveal that our 106 economic piezoelectric speaker system allows for changing amplitude of vibration at a 107 nanoscale resolution. 
113
We prepared both untrained and trained worms and quantified their mean reversal 114 distances at 16 hrs after habituation training ( Fig. 1A Step 4-5, Fig. 1B, Fig. 3 ). Untrained 115 worms exhibited reversal responses to vibration with 1 kHz of frequency, 4.9 μm of amplitude 116 (computer sound level, 100%) and 1 sec of duration ( Fig. 3A and 3C ). The mean (±SEM) 117 reversal distance of these untrained worms (N = 110) in response to vibration was 1.82 mm 118 (±0.10 mm) ( Fig. 3C ). On the other hand, in our previous tapping method, mean reversal 119 distance of worms (N = 98) was 1.07 mm (±0.06 mm) ( Fig. 3C ), which was comparable with 120 that reported in the other group's paper 11 . Therefore, these quantifications have indicated that 121 worms stimulated by our new system could exhibit longer reversal distances than those 122 stimulated by the old tapping system.
123
We further examined habituation memory of trained worms (Fig. 3B ). The mean 124 reversal distance of the trained worms (N = 135) in response to vibration was 1.36 mm (±0.09 125 mm). This result revealed that worms trained by our new system showed significantly reduced 126 reversal distance compared with untrained worms (Fig. 3C) . Thus, our new system could clearly 127 induce mechanosensory memory through habituation training.
128
In summary, our system allows for not only quantification of mechanosensory behavior 7 but also training of worms and quantifications of their memory. One of the important 130 advantages for the researcher is that the new system with a device to quantify stimulus is an 
